The transition from the near-single to the multi-cycle regime in non-sequential double ionization of argon is investigated experimentally. Argon atoms are exposed to intense laser pulses with a center wavelength around 790 nm and the momenta of electrons and ions generated in the double ionization process are measured in coincidence using a reaction microscope. The duration of the near transform-limited pulses is varied from 4 to 30 fs. We observe an abrupt collapse of the cross-shaped two-electron momentum distribution [17] in the few-cycle regime. The transition to longer pulses is further accompanied by a strong increase in the fraction of anti-correlated to correlated electrons.
Keywords: non-sequential double ionization, coincidence spectroscopy, strong field physics Non-sequential double ionization (NSDI) is characterized by the correlated emission of two electrons from an atom or molecule in a strong laser field. This phenomenon, which cannot be explained within the framework of the single-active-electron approximation, was discovered more than 30 years ago [1, 2] , when a knee-shaped enhancement was observed in the intensity dependent yield curve of doubly charged ions. Since then, NSDI has been the subject of numerous studies (for recent reviews see e.g. [3, 4] ). In particular, it was suggested that NSDI is a manifestation of the rescattering process [5, 6] . The observation of the characteristic double hump structure in the recoil-ion momentum spectra of doubly and multiply charged ions provided clear evidence that the emission of the second electron is triggered by the laser-driven recollision of the first electron with its parent ion [7] .
A deeper insight into the NSDI process was provided by kinematically complete experiments where the correlated two-electron momentum distributions (briefly, two-electron spectrum) were measured. In particular, such measurements permit one to distinguish between (positively) correlated [8] and anti-correlated [9] electron emission, as illustrated in figure 1 .
Correlated electron emission, in which the two electrons are ejected in the same direction (i.e., equal sign momenta), is usually attributed to direct electron impact ionization [10] . Anticorrelated electron emission, where the two electrons are ejected in opposite directions (i.e., opposite sign momenta), is ascribed to recollisional excitation and subsequent ionization [9] . Further studies revealed that the fraction of anti-correlated electrons to the total yield increases with decreasing laser intensity [11] and can even dominate at low intensity [12] . Classicalensemble calculations [13] suggest that multiple recollisions of the electron with the parent core play a major role in the production of anti-correlated electrons [12] .
Owing to the great advances in ultra-fast laser technology [14, 15] , two-electron spectra could recently be measured using few-cycle [16] and near-single-cycle [17] pulses with known carrier-envelope phase (CEP). This has allowed the study of NSDI of Ar and N 2 in the extreme limit of a single recollision event [17, 18] . When averaged over CEP, the two-electron spectra were found to exhibit a cross-like shape. This feature, which is distinctively different from all previous experimental results obtained with longer pulses could be well reproduced by a semiclassical model based on recollision excitation with sub-cycle depletion [17] .
The goal of the present study is to investigate the transition from single-to multi-cycle NSDI by recording correlated two-electron momentum distributions for laser-pulse durations ranging from 4 to 30 fs. We demonstrate that for a fixed intensity, the characteristic crossshaped structure observed for 4 fs near Fourier-transform-limited pulses [17] quickly changes when the pulse duration is increased. This is accompanied by a rise in the yield ratio of anticorrelated to correlated electrons and associated with significant changes in the single-ionization dynamics.
The experimental setup has been outlined previously [17, 19] . Briefly, linearly polarized laser pulses with a central wavelength of 790 nm are generated at a repetition rate of 10 kHz in a chirped-pulse amplification (CPA) Ti:Sapphire laser-system and focused into a hollow-core fiber for spectral broadening. The laser pulse duration is varied by clipping the edges of the spectrum in the prism compressor of the CPA-laser system and adjusting the gas pressure in the hollow-core fiber. After the fiber, the pulses are compressed to near-Fourier-limited pulses using chirped mirrors and fused silica wedges. The pulse duration is measured by fringe-resolved autocorrelation. The retrieved pulse durations are found to agree with those of the Fourierlimited pulses calculated from the measured laser spectra, suggesting a minimal chirp. We estimate the accuracy of the pulse-duration measurement to be on the order of 15%. The laser pulses are focused into a cold supersonic argon jet inside a reaction microscope (REMI) [20] in which the momenta of ions and electrons generated in the laser focus are measured in coincidence. The peak intensity is controlled using an iris aperture at the entrance of the REMI. Its value of about × − 1.0 10 W cm 14 2 is estimated from the 10 U p cut-off of the simultaneously measured single-ionization photoelectron spectra of Ar. The two-electron spectra are generated by selecting all events in which at least one electron and one + Ar 2 ion were detected. The second electron momentum is calculated as the negative momentum sum of the detected ion and the first electron. In order to reduce the effect of false coincidences, only events with a positive + Ar 2 momentum (i.e. a momentum directed towards the ion detector) are considered. The total number of events in a two-electron spectrum is typically of the order of 10 000 and the estimated fraction of false coincidences to the total signal is smaller than 7%. The two-electron spectra are symmetrized with respect to the = − p p 2 1 diagonal. Because the first and second electron are experimentally not distinguishable, the signal is also symmetrized with respect to the = p p 2 1 diagonal.
In figure 2 (a) we show the distributions of momenta || p of Illustration of the momentum sharing between the two electrons (green spheres) and the ion (orange sphere) after double ionization. Events in the red area in the first and third quadrants correspond to correlated electron emission (i.e. the momentum vectors of the two electrons point to the same direction). Events in the green area in the second and fourth quadrants correspond to anti-correlated electrons emission (i.e. the momentum vectors of the two electrons point to opposing directions). The blue crossshaped area corresponds to events with totally asymmetric kinetic-energy sharing of the electrons along the laser polarization direction (i.e. one of the two electrons carries most of the kinetic energy).
15%. Despite their similar widths, the + Ar spectra exhibit different features for different pulse durations. While the spectra are rather smooth for the intermediate pulse durations (8 and 16 fs), clear modulations originating from intra-cycle interferences [21] [22] [23] are visible for 4 fs and inter-cycle interferences resulting in the above threshold ionization (ATI) peaks can be seen at 30 fs. Due to the limited ion momentum resolution of about 0.1 au, the ATI peaks can only be resolved at low momenta where they are spaced sufficiently apart.
The single ionization photoelectron spectra shown in figure 2 (b) exhibit a strong pulseduration dependence in the energy range between 7 and 30 eV. In the region between 7 and 12 eV, the drop of the signal with increasing energy is considerably faster for longer pulses than for short ones. In the low-energy plateau region (from 15 to 30 eV), in contrast, the situation is reversed, giving rise to the ATI-enhancement reported in [24] . Quantum mechanical models [25] , as well as semi-classical considerations [26] invoke multiple recollisions to explain this feature and its pulse duration dependence [28] . Its absence in the near single-cycle regime, for which multiple recollisions are fully suppressed, provides further evidence for the essential role of the latter in the build-up of the ATI enhancement.
As can be seen in figure 2(a) , the shapes of the + Ar 2 spectra generated with multi-cycle pulses (8, 16 and 30 fs) do not significantly differ from each other. They exhibit a maximum at zero momentum, in contrast to the + Ar 2 spectrum generated with a 4 fs pulse, which exhibits a pronounced dip around = || p 0. This is consistent with previous observations by Rudenko et al [27] who reported the appearance of a similar dip when decreasing the pulse duration from 25 to 7 fs. 
Ar momentum distributions shown in (a). Each curve is normalized to its integral and the color coding is the same as in (a). The gray dashed lines mark the energy ranges
= -E 7 12 eV, and = -E 12 30 eV, in which the pulse-duration dependence is most pronounced.
A more detailed understanding of the sudden change in the NSDI dynamics accompanying the transition into the few-cycle regime can be gained from the measured two-electron spectra. As shown in figure 3 , the shapes of the two-electron spectra for 4 and 8 fs are qualitatively different. Starting from a cross shape for near-single-cycle pulses, the signal is more homogeneously distributed over the four quadrants of the two-electron spectrum for the longer pulse durations. At first sight, the 8 fs results are reminiscent of the uncorrelated momentum distribution that is expected for sequential double ionization [8] . Although the rate of sequential ionization increases with the pulse duration, such a rapid transition from NSDI to sequential ionization would be rather astonishing. As a matter of fact, a significant contribution of sequential double ionization can be ruled out for the following reasons: (i) the yield ratio of + Ar 2 and + Ar was less than 0.3% in all measurements presented in figure 3 . Comparison of this ratio with the results of previous studies [29] indicates that the intensity used in our experiment was too low for the sequential ionization mechanism to dominate double ionization. (ii) As will be shown in figure 5 , two-electron spectra recorded at higher intensity exhibit predominantly positively correlated electron momenta. This finding, which is consistent with the results of previous studies performed in the many-cycle regime (see for instance [8] ), yields further evidence that the data shown in figure 3 were recorded at intensities well below the onset of sequential ionization. For a pulse duration of 8 fs, NSDI thus results in approximately equal contributions of positively correlated and anti-correlated electron emission.
With increasing pulse duration, however, significant deviations from an uncorrelated momentum distribution can be identified. Between 8 and 30 fs, the two-electron spectra exhibit a clear trend towards increasing anti-correlated electron emission. For two-electron spectra recorded at 16 and 30 fs the signal of anti-correlated electrons is stronger and extends to slightly higher momenta as compared to the result obtained with 8 fs pulses. The magnitude of the enhancement of anti-correlated electron emission with increasing pulse duration is quantified by plotting the ratio N N / ) quadrants. It can be seen that the relative contribution of anti-correlated electron emission tends to saturate for τ ≳ 8 fs. This suggests that the observed transition in the NSDI dynamics originates from the contribution of only a small number of additional recollisions, confirming the exponential decay of the recollision probability described in [30] . In order to discuss the combined effect of intensity and pulse duration on NSDI, let us turn to the experimental results displayed in figure 5 conclusions: (i) increasing the pulse duration enhances anti-correlated electron emission and (ii) the observations that positively correlated electron emission increases with intensity [11, 12] , is also valid in the few-cycle regime.
While the semi-classical model for recollision excitation with sub-cycle depletion [17, 18] performs well in the limiting case of single-cycle NSDI, an extension of this model to the case of multiple recollisions is demanding because of the large number of additional ad hoc assumptions required. Besides the more exact but also more challenging quantum mechanical computations [31] [32] [33] , classical ensemble calculations [13, 34, 35] have proven to be a pragmatic and successful alternative route to describe NSDI. While they naturally account for multiple recollisions that lead to a repeated energy exchange between the electrons and the ionic core, these models could also explain the emission of anti-correlated electrons in longer pulses [36] . Very recently, Huang et al [37] were able to accurately describe our recent single-cycle NSDI experiment [17] using a classical ensemble model, suggesting that simulating the experimental results of the present study should be within reach.
In conclusion, we have investigated NSDI of Ar in the transition from the near-singlecycle to the many-cycle regime. We found that the main change in the dynamics occurs abruptly between 4 and 8 fs. In particular, the contribution of anti-correlated electron emission to NSDI strongly increases from 4 to 8 fs and tends to saturate soon beyond 8 fs, which suggests that only a few recollisions efficiently contribute to NSDI. Our results demonstrate that besides the peak intensity, the pulse duration provides a sensitive knob to control anti-correlated electron emission. More importantly, our data provide a solid basis for assessing the validity of different theoretical approaches and will hopefully contribute to the emergence of a coherent and quantitative theoretical description of NSDI from the single to the multi-cycle regime.
